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ABSTRACT 
An Australian green power (AGP) company 
produces energy from burning biomass from the 
sugar industry and recycled wood waste, however 
alkali in biomass is released into a recirculating 
stream that forms a scale as it becomes more 
concentrated. This investigation has shown that the 
addition of Bayer liquor (alumina waste residue) 
successfully removes scale-forming species from 
the recirculating stream and thus has the potential 
to reduce the rate of scaling. Characterisation of the 
scale and Bayer precipitates has been performed 
using X-ray diffraction (XRD), infrared spectroscopy 
(IR) and inductively coupled plasma optical 
emission spectroscopy (ICP-OES). 
  
INTRODUCTION 
 
Scale formation is a common problem for all 
industries that have waste streams (containing 
predominately calcium, carbonate and sulphate) 
that come into contact with heat-transfer surfaces, 
such as digesters and scrubbers. The formation of 
scale on these surfaces reduces the efficiency and 
productivity of the industry and ultimately leads to 
plant shutdowns in order to physically remove the 
scale. Losses in efficiency generally include 
increases in steam usage, a reduction of flow and 
carryover of chemicals. Strategies for handling 
scale problems have traditionally been divided into 
two categories: (1) methods for prevention or (2) 
methods for removal. Methods for prevention 
include process control (temperature and flow 
rates), thermal deactivation on heat exchangers 
and calcium filtration (Andrews et al., 2008; Becker 
& Cohen, 2007; Haas, 1989), while methods of 
removal typically require the physical removal of 
scale or removal by chemical treatments (acid 
washing and ethylenediamine tetraacetic acid 
(EDTA)) (Brouillette et al., 1990; Reyngoud et al., 
1994; Tomlinson et al., 1946). 
 
AGP generates electricity through burning bagasse 
and biomass sources in a boiler, which generates 
steam that passes through a turbine. The plant 
operates on a closed water circuit with three 
scrubbers, which are used to clean the boiler flue 
gas by settling out contaminants from the fuel 
combustion before the waste is emitted to the 
atmosphere. The water waste exits the scrubbers 
and is clarified to remove ash and debris before 
being recirculated back to the scrubber. The 
release of alkali constituents, such as calcium and 
magnesium, during the burning process and the 
capture of sulphur dioxide in the flue gas generates 
a waste stream that becomes increasingly more 
concentrated with each pass, creating an ideal 
environment for scaling. Current operational 
conditions at AGP have a scale deposit rate of 
approximately 1cm every 3 weeks with losses 
estimated at $4 million for removal and 1500 hours 
of operating time a year. 
 
Some of the more common constituents of scale 
deposition are calcium (Ca2+), sulphate (SO42-) and 
carbonate (CO32-). The corresponding salts become 
less soluble as the temperature and concentration 
increase and once supersaturation levels are 
reached (CaSO4 solubility 0.24g/100mL at 20°C 
and CaCO3 solubility 0.0013g/100mL at 25°C 
(Aylward & Findlay, 2007)) nucleation and growth of 
scale is rapid, especially on steam generating 
systems and heat exchangers (Cuddihy et al, 
2005). 
 
Refinery conditions used for the extraction of 
aluminium from bauxite ore results in a waste 
residue known commonly in the alumina industry as 
red mud. Red mud is a slurry stream containing a 
solid stream (approximately 55%) with undigested 
iron, silica and titanium oxides, while the 
accompanying liquor stream (Bayer liquor) contains 
sodium aluminate (NaAl(OH)4), caustic soda 
(NaOH) and sodium carbonate (Na2CO3). Current 
operating conditions produce between 1 and 1.5 
tonnes of red mud for every tonne of alumina 
produced (Grafe et al., 2009), making applications 
that reuse the waste residue highly desirable. 
Recent research by Palmer et al.,(Palmer et al., 
2008; Palmer, Nothling, et al., 2009; Palmer, 
Soisonard, et al., 2009) have focused on the 
development of layered double hydroxide materials 
(Bayer hydrotalcite (Mg6Al2(OH)16CO3·4H2O) using 
Bayer liquor and seawater for applications in water 
purification. The formation of hydrotalcite and 
calcium carbonate species (CaCO3) has the 
potential to form in alkaline wastewater streams 
that contain magnesium and calcium upon the 
addition of Bayer liquor.  
 
This investigation has focused on preventing the 
formation of scale in the green energy power plant 
through the precipitation of hydrotalcite-like 
compounds and calcium carbonate (CaCO3), using 
recycled Bayer liquor during clarification (currently 
used for the removal of ash produced by burning 
biomass). Bayer liquor is expected to act as a 
coagulant during clarification, capturing scale 
forming species (Ca2+, SO42-, CO32-) as a 
precipitate and thus preventing saturation levels to 
be reached, therefore limiting the deposition of 
scale. All the energy generated at AGP is a product 
of other industries' wastes and residues. Thus, the 
objective of this study is to develop a scale control 
solution that is both efficient and entirely 
sustainable, while aligning with the company's 
strategies and philosophies of green energy. 
 
EXPERIMENTATION 
 
Scale and AGP water: 
Samples were acquired from AGP company that 
produces energy from green waste, wood waste 
and bagasse using large amounts of water in a 
closed circuit. Water used in this investigation was 
collected prior to the clarification stage (pre-clarifier) 
in September 2013 with a major ion composition 
outlined in Table 1. Solid scale was collected from 
AGP's scrubbers, where it had formed multiple 
layers, ranging in colour from white, grey and black. 
Images of scale were collected using a Leica M125 
Zoom Stereo Microscope (Figure 1). 
 
Bayer liquor preparation 
This experiment used a liquor composition similar 
to red mud slurry to be disposed in a tailings dam. 
Preparation of the liquor involved the dilution of 
supernatant evaporative liquor (SEL) enriched with 
sodium aluminate (NaAl(OH)4), sodium hydroxide 
(NaOH) and sodium carbonate (Na2CO3). Bayer 
liquor had the following composition; NaAl(OH)4 - 
13.7g/L, NaOH - 46.1g/L and Na2CO3 - 8.2g/L.  The 
solutions were prepared using a 1L volumetric 
flask, containing approximately 500mL of deionised 
(DI) water, followed by the slow addition of Na2CO3 
and then NaOH. Once dissolved, a measuring 
cylinder was used to add the desired amount of 
SEL. The volumetric flask was then filled to the 1L 
mark with DI water. 
 
Treatment of AGP water with Bayer liquor 
Known aliquots of Bayer liquor were added to 
500mL of pre-clarifier wastewater (2 samples; one 
filtered to remove ash and the other unfiltered) 
using a 100mL burette. The titration process was 
measured in terms of the pH of the titrated solution 
against the total volume of Bayer liquor. The 
titration was stopped when the equilibrium point 
was reached, indicated by no significant change in 
pH (∆0.01) after 5 minutes. The pH was monitored 
using a TPS pH meter and Sentek high alkaline 
laboratory probe (calibrated using buffers 7 and 
10). Samples were then centrifuged using a 
Centurion Scientific C2 Series centrifuge at 
4000rpm for 10 minutes. The supernatant was 
analysed using ICP-OES, while the solid 
component was washed with 150mL of deionised 
water and dried overnight at 90°C. Dried 
precipitates were crushed using a Fritsch agate ball 
mill until they were less than 125µm. They were 
then analysed using XRD, Raman and IR 
techniques. 
 
Characterisation techniques 
Solutions were analysed using a Perkin Elmer 
Optima 8300 DV Inductively Coupled Plasma 
Optical Emission Spectrometer (ICP-OES) 
instrument using an integration time of 0.15 
seconds, 3 replications, and wavelengths as 
follows: Al (308.215 - radial), Ca (317.933 - radial), 
Table 1: Water compositions for the addition of Bayer liquor to pre-clarifier water. 
Sample pH 
Concentration (mg/L) 
Ca S Cl Mg Al Na K Si As 
Pre-clarifier 
AGP water 8.1 4459 1593 12300 696 1.9 1181 2053 94.7 3.3 
Bayer liquor 13.2 1.1 < 0.1 < 0.1 < 0.1 1058 15540 55.2 8.8 0.5 
Bayer liquor treated 
pre-clarifier water 
(unfiltered) 
11.8 463 924 2786 3.2 79.6 2978 1938 2.9 0.2 
% removed 89.6 41.9 77.3 99.5 92.5 82.2 8.1 97.2 94.7
 
Figure 1: Image of scale under a light 
microscope. 
Mg (285.213 - radial), sulphur (181.975 - axial), 
sodium (589.592 - radial), silica (Si 251.611 – 
radial), potassium (K 766.490 – radial) and arsenic 
(As 188.979 – axial). A certified standard from 
Australian Chemical Reagents (ACR) containing 
1000mg/L of aluminium, calcium, magnesium, 
sulphur, sodium, silica, potassium and arsenic were 
diluted to form a multi-level calibration curve using 
a Hamilton Diluter.   
 
X-Ray diffraction patterns were collected using a 
Philips X'pert wide angle X-Ray diffractometer, 
operating in step scan mode, with Co K radiation 
(1.7902 Å). Patterns were collected in the range 3 
to 90° 2 with a step size of 0.02° and a rate of 30s 
per step. Samples were prepared as a compressed 
powder in an aluminium holder.  
 
Infrared spectra were obtained using a FTIR 5700 
Nicolet Diamond infrared spectrometer with a smart 
endurance single bounce diamond ATR (attenuated 
total reflectance) cell. Spectra over the  
4000-350 cm-1 range were obtained by the  
co-addition of 64 scans with a resolution of 4 cm-1 
and a mirror velocity of 0.6329 m/s. 
 
Samples of precipitates formed after the addition of 
Bayer liquor were placed on a polished metal 
surface on the stage of an Olympus BHSM 
microscope, which is equipped with 10x, 20x, and 
50x objectives. The microscope is part of a 
Renishaw 1000 Raman microscope system, which 
also includes a monochromator, a filter system and 
a CCD detector (1024 pixels). The Raman spectra 
were excited by a Spectra-Physics model 127 He–
Ne laser producing highly polarised light at 633 nm 
and collected at a nominal resolution of 2 cm−1 and 
a precision of ±1 cm−1 in the range between  
100 and 4000 cm−1. Spectra were calibrated using 
the 520.5 cm−1 line of a silicon wafer. 
 
RESULTS AND DISCUSSION 
 
Scale characterisation 
The XRD pattern of scale (Figure 2) matches the 
reference pattern of gypsum (01-072-0596). Most 
industry scales are generally are composed of 
calcium carbonate, however XRD indicates that 
only calcium sulphate is present in AGP scale.  
 
Treated pre-clarifier water with Bayer liquor 
Addition of Bayer liquor to filtered and unfiltered 
AGP pre-clarifier water showed significant removal 
percentages of magnesium (99.5%), silica (97.2%), 
arsenic (94.7%) believed to be in the form of 
arsenate (AsO43-) and aluminium (92.5%). A 
considerable amount of calcium (89.6%), sodium 
(82.2%), chloride (77.3%) and sulphur (41.9%) is 
also removed from the combined solutions. It 
should be noted that the concentration of aluminium 
and sodium actually increase in the AGP 
wastewater stream (42 and 2.5 times more, 
respectively) as well as the pH. Although these 
results are a very good indication that the addition 
of Bayer liquor will minimise scaling by keeping the 
calcium concentration below saturation limits, 
considerations of pH, aluminium and sodium on 
downstream processes is required.  
 
Bayer liquor has been shown to be useful for:  
1)  minimising scale producing species and  
2)  removal of arsenic  
 
Possible negative impacts using Bayer liquor 
include: 
1)  high pH with possible downstream corrosion  
and precipitation issues 
2)  increases in aluminium and sodium 
concentrations could affect Environmental 
Protection Agency (EPA) discharge limits 
 
Acid digested precipitate formed from the 
addition of Bayer liquor to AGP water: 
The digestion of approximately 0.05g of precipitate 
in 10mL of 5% nitric acid gives an indication of the 
elemental composition of the precipitate that forms 
(Table 2). Upon the addition of the acid all samples 
had bubbles forming indicating the release of a gas 
(based on the chemistry of the 2 liquor streams it is 
proposed to be carbon dioxide – CO2). It is clear 
that the precipitate formed was predominately 
calcium, magnesium and sodium. A noticeable 
amount of sulphur, potassium and silica are also 
present in the digested precipitates.  
 
Figure 2: X-ray diffraction pattern of the 
different sections of scale 
 
X-ray diffraction of precipitate formed using 
Bayer liquor: 
The XRD patterns of the precipitates formed from 
the reaction of AGP pre-clarifier water and  
Bayer liquor are presented in Figure 3. The  
major mineralogical phases formed are  
calcite (CaCO3) and halite   (NaCl). Minor  
amounts       of         bassinite          (CaSO4·½H2O),  
hydrotalcite (Mg6Al2(OH)16CO3·4H2O), sodalite 
(Na8(Al6Si6O24)Cl2) and potassium chloride (KCl). 
Halite and KCl are more than likely formed via 
evaporation and are not believed to be true 
precipitates. The results correspond well with ICP-
OES data obtained for the ions removed from pre-
clarifier/Bayer liquor and the digested precipitate. 
There are slight differences in the amounts of 
phases in the unfiltered and filtered precipitates 
(unfiltered referring to pre-clarifer water treated in 
the presence of fly ash). It is proposed that ash in 
pre-clarifier water acts as a nucleation site for the 
precipitates as well as aiding in the capture of the 
precipitates as they form. Gypsum (CaCO4·2H2O) 
does not form in this reaction, instead bassinite 
forms, which is another calcium sulphate but with 
less water associated with its structure. It is 
possible that the broad peaks may be associated 
with poorly crystalline gypsum. 
 
Raman spectra of precipitate formed using 
Bayer liquor: 
Confirmation of the formation of some of these 
phases is shown in Figure 4, whereby typical 
carbonate bands (ν1 symmetric stretch) associated 
with CaCO3 are observed at 1080 cm-1, while the ν1 
symmetric stretch of sulphate and antisymmetric 
stretch of Si-O appears as a broad band centred at 
980 cm-1 (Farmer, 1974). Multiple bands in both the 
Table 2: Precipitate composition (%) 
Analyte Composition (%) 
Na 11.2 
K 7.8 
Mg 16.1 
Ca 47.5 
S 8.9 
Si 5.0 
Al 2.9 
As 0.2 
Other 0.4 
Total 100.0 
 
Figure 3: XRD patterns of the precipitates 
formed by treating AGP pre-clarifier water with 
Bayer liquor 
 
Figure 4: Raman spectrum of the unfiltered precipitate formed by 
treating AGP pre-clarifier water with Bayer liquor 
carbonate and sulphate region suggest that multiple 
crystal structures for calcite and bassinite/gypsum 
exist. Both of these phases show that scale forming 
species (calcium or sulphate) can be removed 
through the addition of Bayer liquor. A reduction in 
either specie prolongs the running time of the plant 
and improves efficiency. This investigation has 
shown that the addition of Bayer liquor, proposed at 
the clarification stage, can reduce the amount of 
scaling in the plant.  
 
Infrared spectra of precipitate formed using 
Bayer liquor: 
The infrared spectra of scale formed in the plant, fly 
ash, and the precipitates that form after the addition 
of Bayer liquor are found in Figure 5.   
 
Fly ash is predominantly inorganic residue obtained 
from the flue gases of furnaces and scrubbers. Fly 
ash collected at AGP consists of burnt biomass in 
the water stream that is then used to clean the flue 
gas in the scrubbers. A large portion of the fly ash 
is collected by a belt press after clarification, 
however some is trapped as scale forms (black 
layers of the scale in Figure 1). An XRD pattern 
showed that the material is completely amorphous 
(figure not shown). Although the exact 
mineralogical phase is unknown, literature shows 
that the majority of fly ash is some form of 
aluminosilicate and/or quartz (Landman, 2005). The 
infrared spectrum is believed to be a superposition 
of several aluminosilicate structures. Based on this 
information, the broad band centred at 997cm-1 is 
assigned to the antisymmetric stretching vibrations 
of Si-O and Si-Si (Nakamoto, 2002), while the 
shoulder at around 1150cm-1 are assigned to Si-O- 
stretching vibrations. The low wavenumber band at 
411cm-1 is believed to be  
O-Si-O rocking vibrations (Nakamoto, 2002). 
 
Scale shows a fairly simplistic spectral profile, with 
OH-strecthing vibrations at 3498, 3388 and 
3226cm-1, water bending modes at 1680 and 
1617cm-1, antisymmetric ν3 vibrational modes of 
sulphate at 1094cm-1, and lattice modes at 666 and 
594cm-1 (Farmer, 1974). The OH-stretching and 
water deformation bands correspond with the two 
waters of gypsum, whereby slightly different bond 
energies between them results in the observation of 
two bands. The small band at 3226cm-1 indicates 
that another species containing water is present in 
the scale, possibly a minor amount of bassinite 
which would also explain the broad sulphate band. 
The broadness of the 1094cm-1 may be due to 
some fly ash in the sample. 
 
The infrared spectra of the precipitates formed from 
the treatment of pre-clarifier water with Bayer liquor 
is considerably different to that of scale and fly ash. 
There does not appear to be any significant 
differences observed for precipitates formed with or 
without ash, indicating that ash content does not 
hinder the formation of the scale-removing 
precipitates. There is a broad band in the  
OH-stretching region with bands at around 3670 
and 3370cm-1. The band at 3670cm-1 is indicative of 
metal-OH vibrations, while the lower wavenumber 
band is commonly observed for compounds 
containing water. These bands are proposed to be 
associated with Mg-OH, Al-OH vibrations in 
hydrotalcite or sodalite, and water associated with 
these structures. Corresponding water bending 
modes (H-O-H) are observed at around 1630 and 
1600cm-1.   
 
An asymmetric band between 1300 and 1500cm-1 
is typical for carbonate O-C-O antisymmetric 
vibrational modes, and based on the XRD pattern it 
is probably due to the formation of calcite (CaCO3). 
An intense band at 872cm-1 (ν2 out of plane bend) 
provides further evidence of calcite in the 
precipitate (Farmer, 1974). The shoulder band at 
around 1445cm-1 is thought to be carbonate anions 
incorporated in the sodalite structure instead of 
chloride (XRD reference pattern). 
 
The AGP precipitates all have 3 overlapping bands 
at around 1080, 1020 and 970cm-1. The first two 
bands are proposed to be associated with the ν3 
vibrational modes of sulphate in bassinite, while the 
band at around 970 cm-1 is assigned to  
 
 
Figure 5: IR spectra of the precipitates formed 
by treating AGP water with Bayer liquor 
antisymmetric stretching vibrations of Si-O in 
sodalite.  
 
It can be concluded from the combination of data 
obtained from XRD, Raman and IR that the main 
precipitate phases are calcite, halite and bassinite, 
with minor amounts of sodalite and hydrotalcite. 
  
Considerations for downstream processes 
It is of utmost importance that the addition of Bayer 
liquor does not affect downstream processes, such 
as discharge limits, solution pH and solid waste 
disposal. Bayer liquor treatment does result in an 
increase in AGP recirculated water pH and it would 
be recommended that an acid dosing system be 
implemented after clarification to regulate the pH to 
around 8. Absence of the dosing unit could result in 
corrosion or precipitation of scale throughout the 
plant. 
 
AGP has limits of discharge for a number of 
species imposed by the Environment Protection 
Agency. One of the main species regulated is 
arsenic because the waste water is piped to a 
stormwater management pond that flows into 
holding ponds. As long as water quality 
specifications are met in these ponds it is used to 
irrigate local agriculture crops or released into tidal 
streams. The treatment of AGP water showed a 
significant reduction in arsenic in the wastewater 
stream, which would assist in meeting these 
discharge limits. A downfall of the Bayer liquor 
treatment is a discharge stream with a higher 
sodium and aluminium concentration that could 
violate discharge limits with regards to total 
dissolved solids and issues with sodium adsorption 
ratio (SAR) for irrigation applications. If aluminium 
exceeds EPA discharge limits there would be 
concerns about effects on aquatic organisms. 
 
The current solid by-products (predominately fly 
ash and gypsum) are exported off-site as soil 
enhancers to the landscape industry. 
Implementation of this method would therefore 
require consideration of the composition of solid 
waste. For example, a portion of gypsum will be 
exchanged for calcite, and of more concern is the 
fact that although arsenic has been removed from 
the wastewater stream it is now in the solid waste. 
Further work is required to assess the effects on 
downstream processes.  
 
CONCLUSION 
This investigation has shown that scale-forming 
species can be removed by a significant amount 
through each pass of clarification using Bayer 
liquor. Maintaining the calcium and sulphate levels 
below saturation will help minimise the amount and 
rate of scale formed. Reductions in scale formation 
will translate into large economic savings through 
increasing the company's productivity and reduced 
plant shutdown frequency.  
 
The addition of Bayer liquor provides the 
wastewater stream with aluminate, caustic and 
carbonate that react with calcium, magnesium and 
sulphate to form calcite, bassinite, sodalite and 
hydrotalcite. Based on this investigation it is 
believed that a number of wastewater streams 
prone to scale formation can be treated with Bayer 
liquor, as long as there is sufficient calcium and/or 
magnesium in solution.  
 
The use of Bayer liquor also closely aligns with the 
company's strategy and philosophy of recycling, 
whereby both the power company and the alumina 
industry minimise their carbon footprint with 
reduced environmental impacts. Bayer liquor has 
the potential to be used in a diverse range of water 
matrices prone to scale formation.  
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